Background: The variability of throwing metrics, particularly elbow torque and ball velocity, during structured long-toss programs is unknown.
L ong-toss is used ubiquitously in warm-up, conditioning programs, and postinjury rehabilitation for baseball players in order to strengthen the arm, optimize performance, and minimize future injury risk. Differing mechanics involved in longtoss compared with mound pitching may make it difficult to know when a rehabilitating athlete should transition from the former to the latter. 17 Researchers have examined the biomechanics of longtoss throwing 12, 16 and developed progressive interval throwing programs incorporating long-toss for rehabilitation. [3] [4] [5] 14, 18 After injury or surgery, long-toss is integrated later in the rehabilitation process when healing tissues are strong enough to withstand forces acting on the arm. 2, [11] [12] [13] Interval throwing programs vary; however, most programs are not individualized. Biomechanical research has shown intrathrower variability in elbow varus torque, rotational velocity, and arm slot position for baseball pitchers during warm-up, structured long-toss, bullpen throwing, and live game pitching. 7 Maximum distance long-toss results in a greater number of significant differences in throwing metrics compared with shorter distance throwing, and greater forces are placed on the arm (torque) without necessarily producing higher ball velocity. 12 Additionally, the workloads that arms experience during long-toss likely vary between throwers.
Athletes' healing characteristics, unique pathology, positional demands, and throwing kinematics all play into rehabilitation decisions. Considering these variables, structured long-toss programs may need to be individualized to give maximal benefits to players. Technological advancements have made real-time measurements of throwing metrics outside of the laboratory setting possible. One such validated device is the motusBASEBALL sensor sleeve (Motus Global, Inc), which houses an inertial measurement unit (IMU). 7 The primary aims of this investigation were to (1) describe the progression of throwing metrics (arm speed, rotation, torque, velocity, etc) through a structured long-toss program, (2) quantify the intrathrower reliability at each stage of throwing, and (3) assess interthrower reliability between pitchers completing the same program. We hypothesized that elbow torque and ball velocity would both increase significantly as throwers progress through each stage of the program and that intrathrower reliability would be high while interthrower reliability would be variable.
Materials and Methods
After institutional review board approval, 60 high school and collegiate pitchers were recruited for participation. Inclusion criteria were as follows: active member of a high school or collegiate baseball team, free from injury, free from any throwing restrictions, willingness to participate, primary position was pitcher, and physically able to complete the program. Participants were not offered remuneration, but they were provided their throwing metrics and data on completion. All data were collected and analyzed in an anonymous and de-identified fashion.
Throwing Program
All pitchers completed a predetermined, structured, progressive long-toss program that was designed specifically for this study in an attempt to optimize data without placing undue stress or workloads on the throwers. They were allowed as much time as needed to warm up, including pitching from the mound if needed. All players threw 5 throws of each of the following types: long-toss at 90, 120, 150, and 180 ft, followed by maximal effort fastballs from a standard pitcher's mound at a distance of 60 ft 6 in. All throws were completed in this sequence, and pitchers had to complete all 5 throws at a particular distance before moving on to the next distance. For the long-toss throws, players were instructed to make their throws "on a line." Crowhops and bouncing the ball were discouraged but were allowed if needed to reach the desired distance.
Throwing Metrics
All players wore a motusBASEBALL sleeve ( Figure 1 ) for all throws. 7 This sleeve houses a small (38 mm in length, 6.9 g mass) IMU that acquires data via a 3-axis accelerometer and 3-axis gyroscope. Elbow torque values (newton-meters [N·m]) were computed using the same methods as a previous report that demonstrated excellent reliability between this IMU and motion capture. 7 Arm slot (angle between the forearm and ground at ball release so that 0° is parallel to the ground and 90° is perpendicular to the ground), arm speed (rotational velocity of the forearm [deg/s]), and shoulder rotation (maximal shoulder external rotation [deg] relative to the ground) were also computed for each throw. Ball velocity (miles per hour) was measured using a radar gun.
Statistical Analysis
Each throwing metric was compared across all throwing distances using generalized linear models, which utilized generalized estimating equations to account for the fact that each pitcher made multiple throws at each distance. A separate analysis was performed for each throwing metric. For each analysis demonstrating statistical significance, pairwise comparisons were made. To account for multiple comparisons and maintain the overall type I error rate, the step-down Bonferroni adjustment was applied. Only step-down Bonferroni P values <0.05 were considered to represent statistical significance.
Intrathrower reliability was calculated for all throwing metrics at each throwing distance by comparing all 5 of an individual pitcher's throws for each condition. These results are reported with intraclass correlation coefficients (ICCs) with 95% CIs. Specifically, the ICC(2, 1) formula of Shrout and Fleiss 15 was used for all calculations. Agreement was classified as poor (ICC < 0.40), fair (ICC 0.40-0.59), good (ICC 0.60-0.74), or excellent (ICC > 0.75). 8 As an additional measure of intrathrower reliability, the coefficient of repeatability (COR) was reported for each metric at each throwing distance. The COR is a measure of reliability and represents the magnitude of the expected differences between repeated observations for an individual. The smaller the COR, the greater the reliability of the metric.
Interthrower reliability was assessed using coefficients of variation (CV). These were calculated for each player over the 5 repeated throws at each distance for each throwing metric. The CV is a standardized measure of relative variability [(SD ÷ mean) × 100]. Because it is unitless, the CV can be directly compared between different conditions or outcomes. A CV of less than 5% is considered to represent acceptable variability.
results

Demographics
A total of 60 (28 high school and 32 collegiate) baseball pitchers met all inclusion criteria and completed the study. The basic demographics are described in Table 1 .
Progression of Metrics Through the Long-Toss Program
There was a significant difference in elbow torque between long-toss at 90 ft and all other distances (P < 0.05 for all), but comparisons between 120 ft, 150 ft, 180 ft, and mound throwing yielded insufficient evidence of a difference (Figure 2A ). Ball velocity differed significantly across the throwing scenarios (P < 0.001) (Tables 2 and 3; Figure 2B ).
Intrathrower Reliability
ICCs indicated excellent within-thrower reliability for all metrics at all distances (ICC > 0.750), with the exception of shoulder rotation at 120 ft (ICC = 0.735) ( Table 4 ). Intrathrower elbow torque reliability decreased with increasing long-toss distances and was poorest with mound throwing (COR = 10.7) ( Figure  3A ). Ball velocity was most reliable from the mound (COR = 3.0) and was least reliable at 90 ft (COR = 10) ( Figure 3B ).
Interthrower Reliability
Arm slot demonstrated the worst interthrower reliability (CV > 5% at all distances) ( Table 5 ). Mean CV was <5% for arm speed, shoulder rotation, elbow torque (see Appendix, available in the online version of this article), and ball velocity (Appendix, available online) for each of the defined throwing distances. Overall, 79% of throwers had acceptable interthrower reliability for elbow torque (CV < 5%) while 91% of throwers had acceptable interthrower reliability for ball velocity. The exact numbers of players with acceptable interthrower reliability varied depending on throwing distance (Appendix, available online). discussion Ultimately, ball velocity increased significantly at each progressive distance and from the mound. However, our hypothesis that elbow torque would also continue to increase as pitchers progressed through the program was rejected, as throwing from the mound placed similar torque on the elbow to throwing from 120 ft. These findings suggest that one may consider introducing mound throwing earlier in the program given the comparable elbow torque with mound throwing and long-toss throwing at distances ≥120 ft. Our hypothesis that intrathrower reliability would be greater than interthrower reliability was supported, as 21% of throwers demonstrated significantly different elbow torques from their peers when throwing at the same distances. Intrathrower reliability in ball velocity generally increased with longer throwing distances and mound throwing. Intrathrower reliability in elbow torque decreased as long-toss distances increased, but all stages still demonstrated "excellent" agreement (ICC > 0.75). While many of these reliability assessments may not have achieved statistical significance, they suggest that a "one-sizefits-all" approach to throwing programs may not be ideal. As commercial IMUs and wearable technologies become more readily available, it will be more feasible to monitor and adjust progressive long-toss programs based on the individual athlete.
This investigation demonstrated that although elbow torque tended to increase slightly as the player progressed from 90 to 120 ft, these changes were not significant beyond 120 ft, whereas ball velocity progressively increased with throwing distances. It is worth noting that the maximum distance thrown was 180 ft, and this relationship between elbow torque and ball velocity could change at greater distances. 12 Interestingly, full-effort mound-throwing placed similar torque on the elbow to 180 ft long-toss throwing (71.1 compared with 71.2 N·m), despite ball velocity and arm speed being highest at the mound. Previous studies have shown that a more over-thetop throwing position decreases torque on the elbow, as does decreased shoulder rotation, both of which were associated with mound throwing. 1, 7, 9, 10 Historically, radar guns have been used as a surrogate marker for elbow torque during rehabilitation and return to throw programs. Though prior work has shown a positive correlation between torque at the shoulder and ball velocity, 6 the same did not hold true in this investigation.
There are a number of limitations to this work. There was age and anthropomorphic variation as well as differing levels of skill in our participants, and our findings may or may not be applicable to elite pitchers. Although all pitchers were allowed ample time to warm up, variability in this stage may have affected the data. Similarly, instruction to throw on a line does allow for potential variation in throwing effort between players. Because the study included only healthy, uninjured athletes, the results could differ in the rehabilitating thrower. The motusBASEBALL sensor sleeve appears to be a reliable IMU-based system when compared with the historical gold standard of 3-dimensional motion capture for measuring kinematic and kinetic variables, including elbow torque, arm rotation, arm slot, and arm speed. 7 However, other independent testing would be beneficial to further validate its utility. Lastly, based on the data acquired in the current study, we cannot speculate as to what is occurring at the shoulder or lower extremities to protect the medial elbow.
conclusion Throughout the progressive long-toss program, elbow torque did not significantly increase, though ball velocity did. As such, ball velocity (from radar guns) may not be an accurate surrogate for elbow torque in long-toss programs. Pitching from the mound does not place significantly different torque on the elbow compared to long-toss throwing from distances beyond 120 ft. Therefore, it may be feasible to incorporate pitching from the mound sooner in rehabilitation programs, rather than waiting until completion of the longer distance throws. Finally, players would likely benefit from individualized long-toss programs.
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